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ABSTRACT 
Thi s  r e p o r t  d e s c r i b e s  t h e  r e sea rch  conducted du r ing  t h e  pe r iod  
May 1968 through May 1969 t o  develop an e x p l o s i v e l y  d r i v e n  gun t h a t  
would a c c e l e r a t e  models of known mass t o  h igh  v e l o c i t i e s .  A two- 
s t a g e  gun has  been used t o  launch i n t a c t  2-9 models t o  1 2 . 2  km/sec 
i n  s e v e r a l  exper iments .  A s i n g l e - s t a g e  gun has  a l s o  been developed 
t o  a c c e l e r a t e  2-g models t o  12 km/sec, a l though  it has  a  lower veloc-  
i t y  l i m i t  and t h e  peak p r o j e c t i l e  ba se  p r e s s u r e s  gene ra t ed  a r e  con- 
s i d e r a b l y  h ighe r  t h a n  t h o s e  produced i n  t h e  two-stage d e v i c e .  
The performance l i m i t s  o f  t h e  one- and two-stage guns a r e  d i s -  
cussed.  I n  t h e  two-stage gun, t h e  des ign  problems a s s o c i a t e d  w i th  
t h e  f i r s t  s t a g e  have been r e so lved ;  however, unfavorab le  o p e r a t i o n  of 
t h e  second s t a g e  has  prevented  h i g h e r  v e l o c i t i e s  from be ing  achieved.  
I n  p a r t i c u l a r ,  t h e  second-stage exp los ive  l e n s  was ope ra t ed  i n  an 
asymmetric mode f o r  e a s e  of f a b r i c a t i o n  and in s t rumen ta t i on .  The 
asymmetric c o l l a p s e  of t h e  b a r r e l  t o  form t h e  second-s tage p i s t o n  
appeared no t  t o  b e  complete and t h e  a n t i c i p a t e d  performance was no t  
achieved.  I t  i s  p o s t u l a t e d  t h a t  i n  f u t u r e  experiments t h e  second 
s t a g e  would be ope ra t ed  i n  a  symmetric mode. The symmetric c o l l a p s e  
process  has  been s t u d i e d  i n  g r e a t e r  d e t a i l ,  and it i s  f e l t  t h i s  mode 
i s  more s u i t e d  t o  c o l l a p s i n g  t h e  b a r r e l  t o  form t h e  second-s tage 
p i s t o n .  V e l o c i t i e s  of 13  t o  20 km/sec should  be p o s s i b l e  w i th  t h i s  
second-stage des ign .  
I n  suppor t  o f  t h e  exper imenta l  work t h i s  r e p o r t  i n c l u d e s  
s e c t i o n s  on c u r r e n t  exp los ive  d r i v e r  de s ign  c r i t e r i a ,  a  d i s c u s s i o n  
of gasdynamic c y c l e s  f o r  ach iev ing  h igh  v e l o c i t i e s ,  and a  c a l c u l a -  
t i o n a l  method t o  p r e d i c t  exp los ive  gun performance.  
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SECTION I 
INTRODUCTION 
This  r e p o r t  covers  t h e  p rog re s s  made i n  t h e  p a s t  y e a r  toward 
developing an e x p l o s i v e l y  d r i v e n  gun t h a t  would launch models of 
known mass t o  20 km/sec. The pr imary purpose of t h i s  e f f o r t  was 
t o  extend t h e  range of v e l o c i t i e s  o b t a i n a b l e  f o r  l a b o r a t o r y  s imula-  
t i o n  of meteoroid impact.  A t  p r e s e n t  n e a r l y  a l l  impact t e s t i n g  i s  
c a r r i e d  o u t  w i t h  convent iona l  two-stage l i g h t - g a s  guns o p e r a t i n g  
from 2 t o  1 0  km/sec. Those who des ign  f u t u r e  s p a c e c r a f t  w i l l  r e -  
q u i r e  a knowledge of impact phenomena o c c u r r i n g  a t  v e l o c i t i e s  two 
o r  t h r e e  t imes h i g h e r  than  those  p r e s e n t l y  a t t a i n a b l e  i n  t h e  
l a b o r a t o r y .  
A secondary purpose of  t h i s  e f f o r t  i s  t o  be  a b l e  t o  launch 
r e e n t r y  c o n f i g u r a t i o n s  t o  20 km/sec i n  o r d e r  t o  p rov ide  l a b o r a t o r y  
s imu la t i on  of p l a n e t a r y  r e e n t r y  phenomena i n  which r a d i a t i v e  h e a t  
t r a n s f e r  dominates t h e  flow f i e l d .  These and o t h e r  a p p l i c a t i o n s  
of such a h igh -ve loc i ty  gun have been cons idered  i n  deve lop ing  t h e  
exp los ive ly  d r i v e n  gun desc r ibed  i n  t h i s  r e p o r t .  
I n  1967 a two-stage,  exp los ive ly  d r i v e n  launcher  was used t o  
a c c e l e r a t e  a 0.170-g p r o j e c t i l e  t o  1 2 . 2  km/sec. However, t h e  
p r o j e c t i l e  was damaged because of a mismatch between t h e  f i r s t  and 
second s t a g e  of t h e  gun (Reference 1).  I n  t h e  p r e s e n t  program t h e  
mismatch between s t a g e s  has  been c o r r e c t e d  and t h e  problem of 
p r o j e c t i l e  i n t e g r i t y  has  been s a t i s f a c t o r i l y  r e so lved .  The mass 
of t h e  p r o j e c t i l e  ha s  been inc reased  t o  2 g and s e v e r a l  models 
have been a c c e l e r a t e d  i n t a c t  t o  1 2 . 2  km/sec. 
The exp los ive  d r i v e r  used a s  t h e  f i r s t  s t a g e  of t h e  two-stage 
system p rov ides  p rope r  cond i t i ons  f o r  augmentation by t h e  second 
s t a g e .  The second-stage exp los ive  l e n s  was made i n  an  asymmetric 
geometry (Reference 1) , b u t  was n o t  e n t i r e l y  s a t i s f a c t o r y  i n  form- 
i n g  t h e  second-s tage p i s t o n .  The unfavorab le  o p e r a t i o n  of t h e  second 
s t a g e  i n  t h i s  y e a r ' s  program prevented  t h e  a t t a inmen t  of even 
h ighe r  v e l o c i t i e s .  
I n  a d d i t i o n  t o  r e p o r t i n g  t h e  p r o g r e s s  of t h i s  y e a r ' s  e f f o r t ,  
t h i s  r e p o r t  d i s c u s s e s  some of t h e  c u r r e n t  p r i n c i p l e s  used i n  t h e  
des ign  of exp los ive  d r i v e r s .  Rep re sen t a t i ve  c a l c u l a t i o n s  and 
exper iments  which i l l u s t r a t e  some of t h e s e  des ign  c r i t e r i a  a r e  
p re sen t ed  i n  S e c t i o n  11. This  i s  fol lowed i n  Sec t ion  I11 by a  
d i s c u s s i o n  of s e v e r a l  p o s s i b l e  gasdynamic c y c l e s  f o r  o b t a i n i n g  
h igh  v e l o c i t i e s .  A method of c a l c u l a t i n g  launcher  performance 
i s  g iven  i n  Sec t ion  I V .  Sec t ion  V summarizes t h e  s i n g l e -  and 
two-stage launcher  experiments t h a t  l e d  t o  launching an  i n t a c t  
2-g model t o  12.2 km/sec. 
SECTION I1 
CURRENT DESIGN C R I T E R I A  FOR EXPLOSIVE DRIVERS 
This  s e c t i o n  p r e s e n t s  experimental. and t h e o r e t i c a l  r e s u l t s  
t h a t  c o n t r i b u t e  t o  t h e  knowledge of exp los ive  d r i v e r  de s ign .  
These i n v e s t i g a t i o n s  i n c l u d e  both l i n e a r  and phased exp los ive  
d r i v e r s .  For example t h e  two-stage gun d i s c u s s e d  i n  t h i s  r e p o r t  
uses  a  l i n e a r  d r i v e r  a s  t h e  f i r s t  s t a g e  and a  phased d r i v e r  ( t h e  
exp los ive  l e n s )  a s  t h e  second s t a g e .  
A. RADIAL EXPANSION AND COLLAPSE OF THE PRESSURE TUBE 
The i d e a l  o p e r a t i o n  of a  l i n e a r  e x p l o s i v e  d r i v e r  i s  shown i n  
F igure  1. The p r o g r e s s i v e  c o l l a p s e  of t h e  p r e s s u r e  tube  behind 
t h e  de tona t ion  wave d r i v e s  a  s t r o n g  shock i n t o  t h e  helium d r i v e r  
g a s .  Over t h e  range of t empera tures  and p r e s s u r e s  i n  which most 
exp los ive  d r i v e r s  o p e r a t e ,  t h e  helium can be  cons idered  a  p e r f e c t  
gamma-law gas  where y i s  t h e  r a t i o  of s p e c i f i c  h e a t s  of t h e  gas .  
The p r e s s u r e ,  P2,  i n  t h e  gas  behind t h e  shock i s  r e l a t e d  t o  t h e  
i n i t i a l  gas  d e n s i t y ,  p l ,  and t h e  d e t o n a t i o n  v e l o c i t y  of t h e  explo-  
s i v e ,  D, by t h e  equa t ion  
The shocked-gas p r e s s u r e s  t y p i c a l l y  reach  s e v e r a l  thousand 
atmospheres ,  caus ing  t h e  t h in -wa l l  p r e s s u r e  tube  t o  expand r a d i a l l y .  
The primary method of c o n t r o l l i n g  t h i s  expansion i s  t o  sur round  t h e  
exp los ive  w i th  a  t h i ck -wa l l  s t e e l  tube  t h a t  w i l l  i n e r t i a l l y  c o n t a i n  
t h e  p r e s s u r e s  f o r  t h e  d e s i r e d  pe r iod .  The r e s u l t  i s  t h a t  t h e  i n n e r  
p r e s s u r e  tube  w i l l  expand a t  a  much s lower  r a t e  which i s  c o n t r o l l e d  
by t h e  i n e r t i a  of t h e  t h i ck -wa l l  o u t e r  t ube .  
E x ~ l o s  i v e  
Time t = 0, Before I n i t i a t i o n  of t h e  Explosive 
Gas 
Shock Wave 
( b )  
Time t = t A f t e r  I n i t i a t i o n  of t h e  Explosive 1 ' 
Detonat ion Wave 
- X 
x = 3 (Dimensionless Dis tance)  
( c )  
Posit ion-Time Hi s to ry  of Shock and Detonat ion Wave 
FIGURE 1. IDEAL OPERATION OF THE LINEAR EXPLOSIVE D R I V E R  
A s  an example, c a l c u l a t i o n s  u s ing  a  one-dimensional Lagrangian 
computer program (POD) a r e  shown i n  F igu re  2 f o r  a  d r i v e r  w i t h  a  
t h i n  and t h i c k  w a l l  o u t e r  tube .  The rad ius - t ime  p l o t s  of expansion 
a r e  expressed  i n  d imens ion less  coo rd ina t e s  
and 
where ro i s  t h e  i n i t i a l  i n t e r n a l  r a d i u s  of t h e  p r e s s u r e  tube  and 
D i s  t h e  d e t o n a t i o n  v e l o c i t y  o f  t h e  d r i v e r  exp los ive .  For purposes  
of t h e  c a l c u l a t i o n  t h e  gas  p r e s s u r e  i n s i d e  t h e  p r e s s u r e  tube  i s  
cons t r a ined  t o  be c o n s t a n t .  This  type  of c a l c u l a t i o n  accounts  f o r  
t h e  s t r e n g t h  of  both t h e  i n n e r  and o u t e r  t ube  a s  w e l l  a s  t h e  wave 
dynamics of  t h e  s t e e l  and exp los ive .  
Experiments w e r e  c a r r i e d  o u t  under ano the r  c o n t r a c t  (Refer-  
ence 2 )  i n  which 600-kV f i a s h  X r a y s  w e r e  t aken  of an exp los ive  
d r i v e r  i n  o p e r a t i o n .  These X r a y s  w e r e  used t o g e t h e r  wi th  measured 
shock and d e t o n a t i o n  wave t r a j e c t o r i e s  t o  o b t a i n  expansion h i s t o r i e s  
of t h e  p r e s s u r e  tube .  The exper imenta l ly  measured expansion h i s -  
t o r i e s  were compared wi th  c a l c u l a t i o n s  such a s  desc r ibed  above. 
Two case s  a r e  cons idered .  I n  t h e  f i r s t  c a l c u l a t i o n  t h e  p r e s s u r e  
on t h e  i n s i d e  of t h e  p r e s s u r e  tube  i s  h e l d  c o n s t a n t ,  and i n  t h e  
second c a l c u l a t i o n  t h e  p r e s s u r e  i s  allowed t o  vary  i s e n t r o p i c a l l y  
- 
a s  r '. The observed d a t a  (F igure  3 )  appear  t o  fo l low t h e  c o n s t a n t  
p r e s s u r e  s o l u t i o n  over  t h e  e n t i r e  range of measured d a t a ,  sugges t i ng  
t h a t  t h e  expansion does n o t  reduce t h e  d r i v e r  p r e s s u r e  a s  much a s  
would be expec ted .  The inc reased  volume of gas  caused by expansion 
appears  t o  be  compensated by an adjustment  i n  t h e  l eng th  of t h e  column 
of shocked gas .  
Inner Tube is 1.27 cm 
- Thin-Wall Outer Shell 
Thick-Wall Outer Shell 
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FIGURE 2. RADIAL EXPANSION HISTORIES OF THE INNER 
TUBE FOR EXPLOSIVE DRIVER DESIGNS 
(COMPUTER SOLUTIONS FOR TAMPED AND 
UNTAMPED DRIVERS WITH CONSTANT INTERNAL 
PRESSURE OF 6 kbar) 
I 
Computer Solution 
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D = 6.4 km/sec - 
r r = - -  1 
r 
0 
- tn t = -  
ro 
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FIGURE 3. RADIAL EXPANSION HISTORIES FOR AN EXPLOSIVE DRIVER 
(OBSERVED AND CALCULATED SOLUTIONS FOR A 4-kbar 
This type of calculation is used in driver design to optimize 
the thickness of the pressure tube wall, the explosive layer, and 
the outer tube so that expansion of the pressure tube is held below 
a certain arbitrary limit (usually 30% to preclude its dynamic 
rupture during driver operation). 
In determining the size of the pressure tube, the thickness 
of the explosive layer, and the size of the outer tube, considera- 
tion must also be given to the collapse process. Care must be taken 
to provide enough explosive energy to overcome the strength of the 
pressure tube and to collapse it against the driver gas pressure 
while allowing for losses by Taylor rarefaction in the explosive 
products and expansion of the outer tube. The method used in this 
aspect of driver design is essentially that described for calculat- 
ing expansion. A one-dimensional Lagrangian computer program (POD) 
is employed to calculate the combined expansion and collapse his- 
tories. In the design case the pressure tube is allowed to expand 
to its maximum value as described above. At the appropriate time 
the explosive equation of state is changed from an inert liquid 
description to a volume-burned explosive products description. The 
expansion and collapse history of the pressure tube calculated in 
this manner is shown for a typical design case in Figure 4. Care 
must also be taken to prevent the pressure tube from collapsing too 
quickly. If the collapse angle is too steep, a significant jet 
can be formed (Reference 3). 
The actual collapse process is a two-dimensional phenomenon. 
The conditions in the explosive products are relieved in the axial 
direction by the Taylor rarefaction, and the axial gradients in the 
gas in the pressure tube may be substantial. In addition, there 
may be jetting of the collapsing pressure tube or leakage of boundary- 
layer gas. Therefore the one-dimensional calculation method described 

desc r ibed  above i s  n o t  exac t .  I t  does ,  however, p rov ide  a  f i g u r e  
of m e r i t  f o r  comparing va r ious  d r i v e r  de s igns .  For i n s t a n c e ,  t h e  
c o l l a p s e  c a l c u l a t i o n  of a  new d r i v e r  de s ign  may be compared wi th  
t h e  c a l c u l a t i o n s  c a r r i e d  o u t  f o r  a  proved d r i v e r  d e s i g n .  A com- 
pa r i son  of t h e  c a l c u l a t i o n s  w i l l  o f t e n  sugges t  i f  c o n d i t i o n s  f o r  
s i g n i f i c a n t  j e t t i n g  o r  incomplete  t ube  c o l l a p s e  a r e  p r e s e n t  i n  t h e  
new d r i v e r  de s ign .  
B. VARIABLE PISTON VELOCITY DRIVERS 
The h i g h e s t  d e t o n a t i o n  v e l o c i t y  o b t a i n a b l e  i n  an exp los ive  i s  
9 . 1  km/sec. To a c c e l e r a t e  p r o j e c t i l e s  t o  20 km/sec it w i l l  be neces- 
s a r y  t o  i n c r e a s e  t h e  e f f e c t i v e  d e t o n a t i o n  v e l o c i t y  by about  a  f a c t o r  
of two. This  can be accomplished by phasing t h e  d e t o n a t i o n  wave. 
A phased d e t o n a t i o n  wave i s  one whose p o i n t  of c o n t a c t  wi th  t h e  
p l a t e  o r  tube  it i s  t o  c o l l a p s e  t r a v e l s  a t  a  phase v e l o c i t y ,  V ,  
g r e a t e r  than  t h e  d e t o n a t i o n  v e l o c i t y ,  D .  An exp los ive  l e n s  developed 
du r ing  t h e  p a s t  two y e a r s '  e f f o r t  (Reference 1) has  been used t o  
phase a  d e t o n a t i o n  i n  a  programmed manner. The most common mode of 
ope ra t i on  of t h e  exp los ive  l e n s  i s  t o  p rov ide  a  uniformly a c c e l e r a t -  
i n g  phased d e t o n a t i o n  wave t h a t  can be used t o  c o l l a p s e  t h e  b a r r e l  
and form an a c c e l e r a t i n g  second-stage p i s t o n  f o r  an exp los ive ly  
d r i v e n  gun. The o p e r a t i o n  of t h i s  l e n s  system i s  shown schemat- 
i c a l l y  i n  F igure  5.  A f t e r  t h e  l e n s  i s  i n i t i a t e d ,  a  d e t o n a t i o n  wave 
f r o n t  proceeds a long  t h e  s t e e l  tube  a t  a  v e l o c i t y  equa l  t o  t h e  
de tona t ion  v e l o c i t y  i n  t h e  slow exp los ive .  However, t h e  h ighe r  
de tona t ion  v e l o c i t y  of t h e  f a s t  exp los ive  combined wi th  t h e  chang- 
i n g  contour  of t h e  i n t e r f a c e  between t h e  f a s t  and slow exp los ives  
produces a  cont inuous ly  t i l t i n g  wave f r o n t  (phased d e t o n a t i o n  
wave) i n  t h e  slow exp los ive .  A s  a  r e s u l t ,  t h e  p i s t o n  formed by t h e  
c o l l a p s e  of t h e  s t e e l  p r e s s u r e  tube  beg ins  t o  a c c e l e r a t e .  
F a s t  
Explosive Component 
~ e t o n a t i o n  P r o f i l e s  f o r  
Lens 
Detonated Here 
S t e e l  Tube 
Note: Detonat ion v e l o c i t y  a long  t h e  o u t s i d e  of t h e  t u b e  i s  c o n s t a n t  
from A t o  B and i n c r e a s e s  uniformly from B t o  C. 
a .  I n i t i a l  Conf igura t ion  
slow , F a s t  Explosive 
P re s su re  Tube of Launche 
( B a r r e l )  f Explosive \ 
 rive; Gas ~ r d j e c t i l e  I n j e c t e d  i n t o  t h e  Lens a t  
Ve loc i ty  Grea t e r  than  t h e  Detonat ion Velo- 
c i t y  of t h e  "Slow" Explosive 
b .  Lens i n  Operat ion 
FIGURE 5 .  OPERATION O F  AN EXPLOSIVE LENSING SYSTEM 
11 
The a c c u r a t e  and p r e c i s e l y  c o n t r o l l a b l e  o p e r a t i o n  of t h e  l e n s  
has  been expe r imen ta l l y  demonstrated (Reference 1); however, t h e  
upper l i m i t s  of t h e  l e n s  phase v e l o c i t y  have no t  y e t  been i n v e s t i -  
ga t ed .  I n  p a r t i c u l a r ,  t h e  energy d e n s i t y  of t h e  exp los ive  i s  f i x e d  
and t h e  maximum inward v e l o c i t y  which t h e  exp los ive  can impar t  t o  
t h e  tube  must t h e r e f o r e  be  l i m i t e d .  A s  t h e  phase v e l o c i t y  of t h e  
exp los ive  i s  i n c r e a s e d ,  t h e  c o n i c a l  p i s t o n  r eg ion  ( i n  t h e  c a s e  of 
t h e  colLapsing b a r r e l )  e l o n g a t e s .  For very  high phase v e l o c i t i e s ,  
t h e  c o l l a p s e  cone can become u n r e a l i s t i c a l l y  long.  The re fo re ,  it 
i s  t h e  f i x e d  energy d e n s i t y  of t h e  exp los ive  t h a t  w i l l  u l t i m a t e l y  
l i m i t  t h e  phased p i s t o n  v e l o c i t i e s  t h a t  can be achieved.  
A c a l c u l a t i o n  has  been c a r r i e d  o u t  which i n d i c a t e s  t h a t  phase 
v e l o c i t i e s  of two t o  t h r e e  t imes t h e  d e t o n a t i o n  v e l o c i t y  of t h e  
exp los ive  w i l l  no t  r e s u l t  i n  p r o h i b i t i v e l y  long  c o l l a p s e  cones 
(Reference 4 ) .  Although t h e  d e t a i l s  of t h i s  c a l c u l a t i o n  a r e  much 
t o o  involved  t o  p r e s e n t  h e r e ,  t h e  assumptions ,  methods, and r e s u l t s  
of t h e  approach w i l l  b e  g iven .  
I n  t h e  c a l c u l a t i o n  a  phased de tona t ion  i n t e r a c t s  wi th  a  meta l  
p l a t e  (F igu re  6 ) .  The exp los ive  i s  assumed i n f i n i t e  s o  t h e r e  a r e  
no boundary cond i t i ons  and t h e  s t a t e  o f  t h e  de tona t ion  p roduc t s  i s  
c o n s t a n t  a t  Chapman-Jouguet cond i t i ons  except  where a f f e c t e d  by 
t h e  a c c e l e r a t i n g  meta l  p l a t e .  The f low,  i n  t h e  frame of r e f e r e n c e  
of t h e  d e t o n a t i o n  wave, i s  assumed s t eady .  
Phased de tona t ions  d i f f e r  from unphased de tona t ions  i n  t h a t  
t h e  d i s t u r b a n c e  f i r s t  caused i n  t h e  d e t o n a t i o n  produc ts  by t h e  
a c c e l e r a t i n g  p l a t e  i s  a  r e f l e c t e d  shock r a t h e r  t han  a  r a r e f a c t i o n  
(F igure  6 ) .  The p r e s s u r e  behind t h i s  r e f l e c t e d  shock i s  subsequent ly  
reduced by r a r e f a c t i o n s  genera ted  by t h e  a c c e l e r a t i n g  p l a t e .  I f  t h e  
i n i t i a l  shock i s  weak enough, t h e  i n c r e a s e  i n  en t ropy  a c r o s s  t h e  
shock can be neg l ec t ed  and t h e  flow f i e l d  c a l c u l a t e d  by means of a  
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Prandtl-Meyer compression fol lowed by a  Prandtl-Meyeg expansion.  
This  approximation can be shown t o  g i v e  good r e s u l t s  even i n  t h e  
wors t  c a se  of normal impact a g a i n s t  an i n f i n i t e l y  massive p l a t e  
(Reference 4) . 
A s  shown i n  F igure  6 ,  t h e  de tona t ion  produc ts  undergo a  P r a n d t l -  
Meyer compression fol lowed by a  Prandtl-Meyer expansion.  Numerical 
c a l c u l a t i o n  of t e rmina l  p l a t e  a n g l e ,  a ,  a s  a  f u n c t i o n  of t h e  r a t i o  
of phase v e l o c i t y  t o  d e t o n a t i o n  v e l o c i t y ,  V/D, i s  c a r r i e d  o u t  i n  
Reference 4 f o r  both p o l y t r o p i c  and Livermore equa t ion -o f - s t a t e  
* 
d e s c r i p t i o n s  of t h e  d e t o n a t i o n  produc ts  and a r e  shown i n  F igu re  7 .  
The t e r m i n a l  ang le  i s  bounded and has  a  maximum f o r  V/D > 1. I n  
t h e  l i m i t i n g  ca se  of a  de tona t ion  normally impact ing a  mass less  p l a t e ,  
t h e  t e r m i n a l  v e l o c i t y  of t h e  p l a t e  i n  l a b o r a t o r y  coo rd ina t e s  i s  e q u a l  
t o  t h e  escape v e l o c i t y  of t h e  de tona t ion  gases  i n  one-dimensional 
f low,  a s  would be expected.  
From Figure  7 it can be seen  t h a t  t h e  t e r m i n a l  p l a t e  ang le  
reaches  a  maximum a t  approximately V/D = 1.1, and t h a t  t h e  t e r m i n a l  
p l a t e  ang le  a t  V/D = 1.6 i s  s t i l l  s l i g h t l y  g r e a t e r  than  i t s  v a l u e  
f o r  an unphased (V/D = 1) de tona t ion .  For va lues  of V/D > 3 t h e  
t e rmina l  p l a t e  ang le  is l e s s  than  one h a l f  o f  t h e  v a l u e  f o r  an un- 
phased de tona t ion .  
The reason  f o r  t h i s  behavior  i s  t h a t  a s  t h e  de tona t ion  wave 
t i l t s ,  t h e  d i r e c t e d  k i n e t i c  energy of t h e  de tona t ion  produc ts  i s  
* 
The Livermore equa t ion  of s t a t e  i s  of t h e  form 
where P i s  p r e s s u r e ,  V i s  r e l a t i v e  volume p o / p ,  E i s  t h e  chemical  
energy d e n s i t y  of t h e  exp los ive ,  and A ,  B ,  R1, R 2 ,  w a r e  exper-  
imen ta l l y  determined c o n s t a n t s .  
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a v a i l a b l e  f o r  a c c e l e r a t i n g  t h e  p l a t e .  The d i r e c t e d  k i n e t i c  energy 
i n c r e a s e s  a s  t h e  de tona t ion  wave t i l t s ,  caus ing  t h e  t e r m i n a l  p l a t e  
ang le  t o  i n c r e a s e  i n i t i a l l y .  However, t h e  i nc rea sed  phase v e l o c i t y ,  
combined w i t h  t h e  l i m i t e d  energy d e n s i t y  of t h e  e x p l o s i v e ,  beg ins  
t o  dominate and causes  t h e  t e rmina l  a n g l e  t o  beg in  t o  dec rease .  
A t  i n f i n i t e  phase v e l o c i t y  t h e  t e rmina l  ang le  i s  zero.  
I n  t h e  ca se  of t h e  exp los ive  l e n s ,  t h e  s i m p l i f y i n g  assumptions 
made f o r  t h e  above c a l c u l a t i o n  do n o t  app ly .  I n  p a r t i c u l a r ,  t h e  
exp los ive  i s  n o t  i n f i n i t e ,  t h e r e  i s  a  l a r g e  i n t e r n a l  p r e s s u r e  i n  
t h e  t ube ,  and t h e  phase v e l o c i t y  i s  n o t  c o n s t a n t  b u t  u s u a l l y  
i n c r e a s e s  s lowly i n  t ime.  However, t h e  t r adeo f  f  between d i r e c t e d  
k i n e t i c  energy and i n c r e a s i n g  phase v e l o c i t y  s t i l l  e x i s t s  and t h e  
above c a l c u l a t i o n  i s  va luab le  a s  a  f i g u r e  of m e r i t .  That  t h e  
t e r m i n a l  ang le  i s  approximately  c o n s t a n t  f o r  V/D < 2 would seem 
t o  be a  r ea sonab le  expec t a t i on  i n  t h e  c a s e  of t h e  exp los ive  l e n s .  
Based on t h i s  c a l c u l a t i o n ,  we would expec t  t h a t  t h e  c o l l a p s e  o r  
p i s t o n  r eg ion  would beg in  t o  e longa t e  u n r e a l i s t i c a l l y  f o r  V/D > 2 .  
With exp los ives  such a s  A s t r o l i t e  ( D  = 8.6  km/sec),  t h i s  would 
i n d i c a t e  t h a t  p i s t o n  v e l o c i t e s  up t o  about  20 km/sec would be 
p r a c t i c a l  f o r  l auncher  a p p l i c a t i o n s .  
C .  JETTING OF THE COLLAPSING PRESSURE TUBE 
There a r e  t h r e e  phenomena t h a t  complicate  t h e  o the rwi se  i d e a l  
o p e r a t i o n  of an exp los ive  d r i v e r .  Expansion of t h e  p r e s s u r e  tube 
behind t h e  shock wave and p r i o r  t o  t h e  a r r i v a l  of t h e  de tona t ion  
wave has been e x t e n s i v e l y  s t u d i e d  exper imenta l ly  and a n a l y t i c a l l - y  
and i s  d i s c u s s e d  i n  P a r t  A of t h i s  s e c t i o n .  A second phenomenon i s  
t h e  growth of a  boundary l a y e r  behind t h e  shock. S ince  t h e  boundary- 
l a y e r  gases  r e c e i v e  l i t t l e  a x i a l  momentum when they  encounte r  t h e  
p i s t o n ,  t h e s e  gases  t end  t o  be  t rapped  by t h e  c o l l a p s i n g  t u b e .  
The r e s u l t a n t  leakage of boundary-layer gases  u l t i m a t e l y  l i m i t s  
t h e  l eng th  of shocked gas  o b t a i n a b l e  wi th  p r e s e n t  d r i v e r  de s igns .  
This phenomenon is reported in Reference 3 and, since there has 
been little work done in this area under this contract, the 
subject will not be discussed here. 
The third phenomenon encountered in explosive drivers is the 
possibility of forming a metallic jet upon collapse of the pressure 
tube. The theory of jetting is well established and can be found 
in References 3 and 4. A simple analysis will be presented here 
to illustrate the large effects that irreversible processes such 
as shock heating and plastic working have on the size of the jet 
formed. This analysis assumes only the conservation laws and the 
condition of steady state. The collapsing tube is shown schemat- 
ically in Figure 8 in the frame of reference of the detonation wave. 
From conservation of mass 
where M is mass/unit length of the collapsing tube, D is detonation 
velocity, subscript s denotes the slug of the collapsed tube, and 
subscript j denotes the jet. The velocities of the slug and jet 
are less than their classical value of D by some small amount, ED, 
due to irreversible processes. The irreversible energy deposited 
in the slug and jet as residual heat is subtracted from the energy 
of motion of the slug and jet in accordance with the first law of 
thermodynamics. 
Similarly, for the conservation of momentum 
2 2 MD cos 0 D = MSD (1 - E ~ ) ~  - M.D (1 - cj) 2 
3 
where 0 is the angle through which the tube is turned by the 
detonation (Figure 8) . 
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Solving Equations (2) and (3) for M./M, 
7 
M. (1 - cos 0 )  - E $ =  s (2 - Es - Ej) (1 - E.) 1 
~f E << 1 and cS << 1 j 
which compares to the classical formula (E = E = 0 )  
s j 
5 = (1 - cos 0 )  
M 2 
Typically (1 - cos 0 )  is small so that E~ can have a significant 
effect on the mass of jet produced. 
As mentioned previously, the velocity deficit, E,  arises when 
irreversible work is done in the collapse process. The irreversible 
work can be caused by various forms of plastic working or by shock 
heating of the metal if the collapsing liner is supersonic with 
respect to the frame of reference of the detonation wave (Refer- 
ence 3). The irreversible work appears as heat and this is quite 
evident when picking up the collapsed pressure tube after an 
experiment . 
The irreversible work may be expressed as 
where this expression is. evaluated along a stream tube which forms 
2 the slug of the collapsed tube. Therefore AE = D cS. Reference 4 
considers the plastic shear work done in collapsing the tube hy 
applying the two-dimensional steady equations of motion. The result 
is 
where Y is Von Mises yield strength, P is liner density, and I~al 
is cumulative angle through which the liner bends. From Figure 8 
it is clear that l ~ a l  = 2 0 .  
If the irreversible work resulted only from plastic shear work 
or 
Theref ore 
From Equation (5)  
4 Ye 
M. (1 - cos 0 )  - - - 
1 = 6 P D ~  
M 2 
2  Using the small angle approximation 1 - cos 0  = 0  /2  
AS an  example c o n s i d e r  a  s t e e l  l i n e r  ( Y  = 6  k b a r )  c o l l a p s e d  
by n i t r o m e t h a n e  (D = 6 . 3  km/sec) and a  r e p r e s e n t a t i v e  c o l l a p s e  
a n g l e  o f  10 deg:  
Thus t h e  j e t  m a s s  i s  reduced  by 5% from t h e  c o n t r i b u t i o n  of' p l a s t i c  
s h e a r  work a l o n e .  The c o n t r i b u t i o n  o f  b u l k  p l a s t i c  work i n  t h e  
t u b e  c o l l a p s e  p r o c e s s ,  f o r  i n s t a n c e ,  s h o u l d  b e  c o n s i d e r a b l y  g r e a t e r  
because  o f  convergence  e f f e c t s .  
The c o n c l u s i o n  o f  t h i s  a n a l y s i s  i s  t h a t  s m a l l  i r r e v e r s i b l e  
p r o c e s s e s  a r e  i m p o r t a n t  i n  t h e  d e t e r m i n a t i o n  o f  t u b e  j e t t i n g  and 
s h o u l d  b e  i n c l u d e d  i n  any a n a l y s i s  of  e x p l o s i v e  d r i v e r  pe r fo rmance .  
I n  an e x p l o s i v e  d r i v e r ,  t h e  i n t e r n a l  p r e s s u r e ,  t h e  growth o f  a  
boundary l a y e r ,  and a l l  t h e  i r r e v e r s i b l e  p r o c e s s e s  o c c u r r i n g  i n  
t h e  c o l l a p s i n g  l i n e r  t e n d  t o  s u p p r e s s  j e t t i n g .  T h i s  i s  e x p e r i -  
m e n t a l l y  v e r i f i e d  i n  t h e  s e n s e  t h a t  j e t t i n g  h a s  n e v e r  been a 
problem i n  t h e  h i g h  p r e s s u r e  d r i v e r s  used  i n  l a u n c h e r  work. 
SECTION 111 
GASDYNPJMIC CYCLES FOR ACHIEVING VERY H I G H  VELOCITIES 
A t  t h e  beg inn ing  of  t h i s  y e a r ' s  program s e v e r a l  methods of 
u s ing  exp los ive ly  d r i v e n  systems t o  ach i eve  h igh  v e l o c i t i e s  were 
cons idered .  Three approaches us ing  f a i r l y  w e l l  developed tech-  
n iques  were addressed .  I n  t h i s  s e c t i o n  t h e s e  t h r e e  t ypes  of gas-  
dynamic c y c l e s  a r e  d e s c r i b e d  i n  d e t a i l  wi th  r e f e r e n c e  t o  c a l c u l a t i o n s  
and exper iments .  The performance l i m i t s  of  each a r e  p o i n t e d  o u t .  
A. SINGLE-STAGE LINEAR GUNS 
With exp los ive  d r i v e r s  i n  t h e i r  p r e s e n t  s t a t e  of development,  
very  h igh  en tha lpy  columns of d r i v e r  ga s  may be gene ra t ed .  The 
schematic  o p e r a t i o n  of t h i s  t ype  of gun i s  shown i n  F igu re  9 .  I f  
t h e  moving column of gas  i s  brought  t o  r e s t  by a  s t r o n g  shock 
r e f l e c t i o n ,  very  high r e s e r v o i r  sound speeds may be  produced. 
Using t h e  s t r o n g  shock r e l a t i o n s  f o r  a  p e r f e c t  g a s ,  t h e  r e s e r v o i r  
sound speed i s  found f o r  a  p a r t i c u l a r  gas  t o  be  a  f u n c t i o n  of t h e  
de tona t ion  v e l o c i t y  on ly  
where a 4  i s  r e s e r v o i r  sound speed ,  Y i s  r a t i o  of s p e c i f i c  h e a t  of 
d r i v e r  g a s ,  and D i s  d r i v e r  de tona t ion  v e l o c i t y .  For hel ium 
(y = 5/31 a 4  = 1.15  D and f o r  hydrogen (y = 7/5) a 4  = 0.8 D .  
Helium however i s  very  n e a r l y  a  p e r f e c t  gas  f o r  d r i v e r  p r e s s u r e s  
of s e v e r a l  thousand atmospheres and d r i v e r  de tona t ion  v e l o c i t i e s  
of 5  t o  8 . 6  km/sec, a s  shown by t h e  Saha equa t ion  f o r  hel ium i n  
F igure  1 0 .  
He lium 
Driver Gas Deto ator P 
Tamped Linear Explosive Driver 
a. Initial Configuration 
Detonation Wave Shock Wave 
Constant-Velocity 
Virtual Piston 
b. Linear Driver Operation 
Projectile Accelerates and 
Driver Gas Expands 
Reflected Shock and 
~etonation about to Meet 
Reservoir to Expand 
c. Projectile Accelerates 
Reservoir Begins to Break Up + 4 
d. Model Launched 
FIGURE 9. OPERATION OF A SINGLE-STAGE EXPLOSIVELY DRIVEN LAUNCHER 
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With ni t romethane (D = 6 . 6  km/sec),  r e s e r v o i r  escape speeds  
of 22 km/sec may be  achieved us ing  hel ium,  a s  can be seen  from t h e  
well-known r e l a t i o n  f o r  t h e  unsteady escape speed f o r  a  gas  expand- 
i n g  from a s t a t i o n a r y  r e s e r v o i r  
Explosive d r i v e r s  u s ing  hel ium (y = 5/3) ,have been o p e r a t e d  with  
gas  p r e s s u r e s  of 2 t o  6 kba r  f o r  s e v e r a l  y e a r s .  I f  t h i s  gas  i s  
brought  t o  r e s t  by a  s t r o n g  shock r e f l e c t i o n  i n  t h e  r e s e r v o i r ,  p r e s -  
s u r e s  up t o  36 kbar  may be gene ra t ed ,  a s  c a l c u l a t e d  by t h e  e q u a t i o n  
where P4  i s  t h e  p r e s s u r e  behind t h e  r e f l e c t e d  shock i n  t h e  r e s e r v o i r  
and P2 i s  t h e  p r e s s u r e  behind t h e  d r i v e r  shock.  The re fo re ,  w i t h  
e x i s t i n g  technology us ing  a ni t romethane d r i v e r ,  r e s e r v o i r  c o n d i t i o n s  
of P4 = 36 kba r  and a 4  = 7 .6  km/sec may be achieved.  With t h e s e  con- 
d i t i o n s  t o  a c c e l e r a t e  a  1 /2 -ca l i be r  long,  2-g p r o j e c t i l e ,  it can  be 
shown by apply ing  t h e  s t anda rd  b a l l i s t i c  equa t ions  (References  5 and 6 )  
t h a t  t h e  f i n a l  v e l o c i t y  would be 11.2 km/sec. Using ano the r  
l i q u i d  e x p l o s i v e ,  A s t r o l i t e  (D = 8.6  km/sec),  t o  o b t a i n  r e s e r v o i r  
sound speeds of 9 . 9  km/sec, t h e  p r o j e c t i l e  v e l o c i t y  was c a l c u l a t e d  t o  
be  12.8  km/sec. I n  t h e s e  c a l c u l a t i o n s  t h e  p r o j e c t i l e  i s  assumed t o  
2  have an a r e a l  d e n s i t y  of 1.1 g/cm . The b a r r e l  i s  100 cm long  and 
t h e  d r i v e r - d r i v e n  a r e a  r a t i o  i s  taken  a s  2 .  The gas  mass-to- 
p r o j e c t i l e  mass (G/M) r a t i o  i s  assumed t o  be  i n f i n i t e .  Th i s  assump- 
t i o n  i s  v a l i d  i n  t h e  examples c i t e d  above. 
Although i t  would be d e s i r a b l e  t o  lower t h e  base  p r e s s u r e s ,  
o p e r a t i n g  t h e  gun wi th  r e s e r v o i r  p r e s s u r e s  a s  h igh  a s  36 kbar  
i s  f e a s i b l e  w i th  c e r t a i n  p r o j e c t i l e  shapes  and m a t e r i a l s .  Th i s  
has  been demonstra ted i n  References 2 and 7.  However, t o  reduce  
model d i s t o r t i o n  and r e s e r v o i r  expansion (which i s  d i scus sed  
l a t e r ) ,  it would be necessary  t o  reduce t h e  r e s e r v o i r  p r e s s u r e .  
With t h e  l e n g t h  of exp los ive  d r i v e r s  be ing  l i m i t e d  by boundary- 
l a y e r  growth t h e  assumption of i n f i n i t e  G/M r a t i o  would no longe r  
be v a l i d  w i t h  reduced d r i v e r  p r e s s u r e s  and t h e  h igh  performance 
e s t i m a t e s  would n o t  apply.  
Two case s  t h a t  a r e  p o s s i b l e  i n  an exp los ive ly  d r i v e n  gun 
ope ra t ed  w i th  a  l i m i t e d  l eng th  of shocked gas  a r e  now cons idered .  
I n  t h e  f i r s t  c a s e  t h e  exp los ive ly  formed p i s t o n  remains c l o s e d  
when it s t o p s ,  and i n  t h e  second c a s e  t h e  p i s t o n  van ishes  when it 
s t o p s .  This  l a t t e r  ca se  may occur  when t h e  r e f l e c t e d  shock from 
t h e  breech i n t e r a c t s  s t r o n g l y  w i th  t h e  p i s t o n .  
S e i g e l  (Reference 5)  has  c a l c u l a t e d  t h e  performance of t h e  
gun f o r  t h e  c a s e  of t h e  p i s t o n  t h a t  remains c lo sed .  I n  t h i s  a n a l y s i s ,  
which w i l l  n o t  be  r epea t ed  h e r e ,  he  p l o t s  dimensionless  v e l o c i t y ,  
L Yi = u/a a s  a  f u n c t i o n  of t h e  b a l l i s t i c  parameter  St = P4x / (pR)a4  4 ' 
f o r  va r ious  va lues  of t h e  parameter  G/M.  H e r e  u = p r o j e c t i l e  
v e l o c i t y ,  a 4  = r e s e r v o i r  sound speed ,  P4 = r e s e r v o i r  p r e s s u r e ,  
x  = b a r r e l  l e n g t h ,  ( p R )  = a r e a l  d e n s i t y  of p r o j e c t i l e ,  G = d r i v e r  
gas  mass, and m = p r o j e c t i l e  gas  m a s s .  The curves  f o r  a  d r i v e r - t o -  
d r iven  d iameter  r a t i o  (DZ1) of  2 a r e  shown i n  F igu re  11. 
For t h e  ca se  of t h e  open o r  van ish ing  p i s t o n ,  s e v e r a l  computer 
s o l u t i o n s  have been nondimensionalized and shown t o  c o r r e l a t e ,  no t  
P r o j e c t i l e  of 
M a s s  M and A r e a l  
D e n s i t y  ( p i )  
\ 
G a s  of M a s s  G ,  
P r e s s u r e  P 4  and 
Sound Speed a 4  
F I G U R E  11. B A L L I S T I C  EQUATIONS FOR A  CLOSED 
RESERVOIR GUN WITH D21 = 2 ,  y = 5 / 3  
( R e f e r e n c e  5 )  
with the G/M ratio, but rather with a dimensionless reservoir length 
parameter L = x/x where x = reservoir length and x = barrel length. 
0 0 
This correlation is shown in Figure 12, again for the driver-to- 
driven diameter ratio (D21) of 2. 
In the piston-stop or closed reservoir case where the G/M ratio 
is used, the limited mass of driver gas is felt when the rarefaction 
waves generated at the base of the accelerating projectile reflect 
from the end of the reservoir and overtake the accelerating pro- 
jectile. The upstream end of the reservoir in this case, it should 
be noted, is stationary. In the open or vanishing piston case where 
the x/xo ratio is used, the complete rarefaction generated when the 
piston "vanishes" dominates the problem. The rarefactions generated 
at the base of the accelerating projectile never reflect from the 
upstream end of the reservoir which is now formed by a head of the 
strong upstream-running rarefaction wave, which moves at nearly 
the characteristic velocity. 
The analysis presented here is correct for a single-stage gun 
operating ideally. With the high sound speeds possible in the explo- 
sive guns, very high velocities (up to about 13 km/sec) should be 
possible. However, the high reservoir pressures cause the reservoir 
walls to expand; this unfortunately limits the velocities attainable 
through this approach. If the reservoir pressure is lowered to 
acceptable limits (for instance to the yield strength of the reser- 
voir walls), the explosive gun is limited by a low G/M ratio 
because boundary-layer growth limits present driver performance. 
Several designs of single-stage explosive guns have been tested 
experimentally. The G/M ratio in these guns is effectively infinite. 
Gas of Mass G 
Pressure P4 
And Sound 
Speed a4 
I Projectile of Mass M and Areal 
- 
Density (0%) 
- 
- 
X = 
P4X 
.-, L 
Reservoir Opens Upon ( p R ) a 4  
- Arrival of Reflected 
Shock - - u 
u = a  4 
FIGURE 12. BALLISTIC EQUATIONS FOR AN OPEN-ENDED 
RESERVOIR GUN WITH D21 = 2, y = 5/3 
In all cases the predicted performance has not been achieved and 
a large fraction of this performance loss has been correlated with 
reservoir expansion during the launch cycle. The calculations and 
experiments supporting this conclusion are presented in Sections I V  
and V respectively. 
B. TWO-STAGE SYSTEMS WITH CONSTANT BASE PRESSURE ACCELERATION 
The most desired type of launcher operation is that in which 
the pressure on the base of the projectile is low and nearly con- 
stant. The theory for a complete two-stage, explosively driven 
system of the type shown schematically in Figure 13 is presented 
here. In the first stage, consisting of a linear explosively 
driven gun similar to that described in part A of this section, 
the projectile is accelerated in a controlled manner approximating 
a steady expansion of the reservoir gas. This is accomplished by 
using a large driver-to-driven diameter ratio as pointed out by 
Glass (Reference 6). The base pressure on the projectile is approxi- 
mately that obtained through a steady expansion and this is valid 
until the flow Mach number behind the projectile reaches unity. 
This is expressed by the relation 
where the subscript 3 refers to the gas conditions at the base of 
the projectile and the subscript 4 refers to the reservoir conditions. 
"Slow" Explosive Component \ of Lens 
N i  trome thane  
\ "Fas t "  Explosive \ 
Detonator  
L inear  Explosive Dr iver  Explosive Lens 
a .  I n i t i a l  Conf igura t ion  
Detonat ion Wave 
\ \ Shock 
Con 
v 
s i n g l y  Shocked 
s t an t -Ve loc i ty  / H~~~~~ 
i r t u a l  P i s t o n  
b.  F i r s t - S t a g e  Linear  Dr iver  'opera t ion  
\\ 
Ref l ec t ed  Shock and 
Detonat ion About t o  Meet 
High Enthalpy Reservoir  Detonat ion Wave 
c .  S e c o n d - S t a g e I n i t i a t e d :  P r o j e c t i l e  and Dr iver  Gas 
Being I n j e c t e d  i n t o  
Explosive Lens 
Acce l e r a t i ng  
V i r t u a l  P i s t o n  
d .  Explosive Lens A c c e l e r a t e s  P r o j e c t i l e  t o  F i n a l  Ve loc i ty  
FIGURE 13. OPERATION OF A TWO-STAGE EXPLOSIVELY 
D R I V E N  LAUNCHER 
With this type of acceleration, the reduction in base 
pressure with increasing projectile velocity is minimized. 
With helium for example P3/P4 = 0.488 when M3 = 1, which is 
the limit to which the equation is valid. 1n addition 
which gives the decrement in pressure as a function of increment 
in velocity, This is an important variable for consideration in 
augmentation, For the case of u3 = 5.5 km/sec the quantities p3/p4, 
dp3/du3, and M3 are plotted as functions of driver detonation 
velocity (D) in Figure 14 by expressing P4 and a4 in terms of D 
where pl = loading or initial gas density. Also of importance in 
augmentation are the position and time of the projectile when a 
given velocity and base pressure are achieved. These are obtained 
in the standard way using the equation 
where ( p R )  is the areal density of the projectile. 
For the position 
inserting 
and integrating we obtain 
This can be expressed in.terms of driver detonation velocity and 
loading pressure by inserting 
and 
For the case of y = 5/3 (helium), D = 6.6 km/sec (nitromethane) and 
u = 5.5 km/sec (a special case discussed later), the position of 3 
the projectile is plotted as a function of base pressure in Figure 15. 
Steady Expansion a4 is expressed in 
of Ideal Gas (y = 5/3) terms of D by 
to u3 = 5.5 km/sec [3yI [y-11 
Detonation Velocity (km/sec) 
FIGURE 14. P3/P4, M3, AND 1/P4 dP3/du3 
AS FUNCTIONS OF DRIVER DETONATION 
VELOCITY FOR A STEADY EXPANSION TO 
u3 = 5.5 km/sec 
y = 5/3 (Helium) 
( p R )  = areal density of 
projectile 
2 3 4 5 6 7 8 
Pickup Pressure, P3 (kbar) 
FIGURE 15. PROJECTILE LOCATION AT u3 = 5.5 km/sec AS A 
FUNCTION OF BASE PRESSURE FOR A NITROMETHANE 
DRIVER AND A STEADY EXPANSION OF RESERVOIR 
GAS 
In order to determine the corresponding time, the equation 
to be used is 
Again 
To perform the integration P3/P4 is expanded in a binomial series. 
The result to four terms is 
The series converges rapidly. The equation is plotted in Figure 16 
for time as a function of P3 for the case y = 5/3, u3 = 5.5 km/sec, 
and D = 6.6 km/sec. In Figures 14, 15, and 16 the velocity 
u3 = 5.5 km/sec is chosen since this is a very likely choice of 
pickup velocity for the second stage. The second stage in this 
system would be an explosive lens (Reference l), and the minimum 
starting velocity of this lens is the lowest velocity obtainable 
with the lens explosive (Figure 5). With diluted nitromethane this 
minimum velocity is around 5.5 km/sec. 
For the case of a 0.94-cm-diam, 2/3-caliber long projectile 
3 
of density 1.4 g/cm , the pickup conditions of P = 5 kbar and 3 
u = 5.5 km/sec are achieved at x = 21 cm and t = 70.5 psec for 3 
a detonation velocity of 6.6.km/sec from Figures 15 and 16. The 
flow Mach number behind the projectile is M3 = 0.8 and dP3/du = 3 
1.2 P4. Since Pq for this case is 8 kbar, a variation in pickup 
y = 5/3 (Helium) 
u = 5.5 km/sec 3 
D = 6.6 km/sec 
( P R )  = areal density 
of projectile 
2 3 4 5 6 7 8 
Pickup Pressure, P3, (kbar) 
FIGURE 16. TIME TO ACCELERATE TO u3 = 5.5 km/sec AS A 
FUNCTION OF BASE PRESSURE FOR A NITROMETHANE 
DRIVER AND A STEADY EXPANSION OF RESERVOIR 
GAS 
velocity of t 0.5 km/sec results in a change of pressure of 
approximately + 0.48 kbar or + 9.5% of the pickup pressure. 
If the gun were operated in the unchambered mode then the pickup 
pressure corresponding to a projectile velocity of 5.5 km/sec 
would be 2 kbar. A variation in pickup velocity of + 0.5 km/sec 
results in a variation of + 0.3 kbar in pickup pressure or t 15% 
of the pickup pressure. 
The advantages of operating the first stage in the infinite 
chambrage mode are clear. The variation of pickup pressure with 
pickup velocity and the decrease of pressure as the projectile 
accelerates are minimized. If the second-stage acceleration is 
constant, the entire gun cycle would be very close to the ideal 
constant base pressure system. 
The second-stage acceleration is accomplished using an 
explosive lens such as described in Section 11. This lens can 
provide a constant acceleration beginning at pickup conditions. 
Therefore, using the lens in conjunction with the above example, 
we could start with a constant base pressure of 5 kbar and continue 
the acceleration in a uniform manner from 5.5 km/sec to the final 
velocity. Using the results of Part B of Section 11, velocities 
up to 20 km/sec should be possible. 
The second-stage piston, which is explosively formed, is 
conically. shaped and care must be taken to avoid an interaction 
between the projectile and the second-stage piston region. The 
second-stage gas dynamics are illustrated schematically in Figure 17. 
In this simple model, the second-stage gas is assumed to be isen- 
tropic and no boundary layer or jetting effects are assumed present. 
The conservation of mass is written as 
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where Ll is length of gas in the collapse cone, L2 is length of 
gas at barrel bore diameter, p is gas density, and subscript 
p denotes pickup conditions. For an isentropic gas 
and for the piston with acceleration, a 
where ( pR)  5 areal density of the projectile. 
Combining these relations we obtain 
When the second stage is matched to the pickup conditions provided 
by the first stage the quantity (L1/3 + L 2 )  should not change from 
its value at pickup. Equation (22) is plotted in Figure 18 for 
several values of y. This graph gives the equilibrium value of 
(L1/3 + L 2 )  for any acceleration of the second-stage piston. 
As the piston accelerates, the conical piston region tends to 
elongate (see Section 11, Part B). Thus although (L1/3 + L 2 )  
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remains constant for a constant acceleration, L2 decreases and L 1 
grows. The equation of motion of the piston for constant acceler- 
ation is 
where u is second-stage piston velocity, u is initial second-stage 
0 
piston velocity, and x is distance along barrel from initial posi- 
tion of the second-stage piston. 
Using this equation along with Equation (19) and assuming 
L~ a U, it can be easily shown that 
is the condition f0r.L to vanish. This corresponds to the 2 
situation where the projectile encounters the second-stage conical 
piston region. In this situation all the second-stage driver gas 
now resides in the conical region. 
Experiments have been carried out to test some of the ideas 
and calculations presented in this section. Preliminary tests to 
develop a first stage with effectively infinite chambrage were 
not completely successful. Even at low reservoir pressures of 
8 to 10 kbar there seems to be a loss of reservoir pressure and 
temperature because of reservoir expansion. In addition, there 
can be some temperature loss due to flow contamination by the 
projectile or material eroded from the reservoir walls since the 
calculated gas temperature is nearly 16,500~~. The experiments 
in support of this approach, and the apparent performance limits 
are described in detail in Section V, Part B. 
C. TWO-STAGE SYSTEMS WITH AUXILIARY PUMP CYCLE 
~t became evident that the high reservoir pressures possible 
with an explosive driver would be difficult to contain. Radial 
expansion of the reservoir walls under pressures up to 36 kbar 
act to reduce the amount of energy available in the reservoir. 
If we consider the effect of wall expansion alone on a stationary 
reservoir, the ratio of wall work (W) to initial reservoir enthalpy 
If the pressure decays isentropically with wall expansion 
The result is 
For y = 5/3 and a wall expansion of 15%, W/Ho = 0.105 or about 10% 
of the reservoir enthalpy has been used in wall work. As will be 
shown later, an expansion of 15% usually occurs quite early in 
the launch cycle of a high-pressure gun. Clearly a way must be 
found to prevent this energy loss. 
One convenient method is to surround the reservoir with 
explosives and initiate the explosive when it is appropriate to 
prevent reservoir wall expansion. This method may be extended 
to partially or completely collapse the reservoir walls, thereby 
adding energy to the reservoir gas and enhancing the performance 
of the gun over that expected, assuming ideal one-dimensional 
behavior. This method also allows a reduction in peak base pres- 
sures experienced by the projectile while still maintaining 
performance. As will be shown in the next section, the base 
pressure decays in the normal manner as the gas expands from 
the reservoir. The base pressure then begins to rise as the 
reservoir conditions are increased by the reservoir explosive 
or auxiliary pump cycle. 
Coupling the variable reservoir conditions to a general solution 
of the projectile equation of motion is not easily done and recourse 
has been made to computer techniques. A computer program has been 
developed by Physics International for this application. A series 
of one-dimensional Lagrangian problems has been ganged to couple 
the description of wall motion with that of the dynamics of the 
driver gas and projectile. This computer program and several 
examples are discussed in the next section. 
This technique of surrounding the reservoir of a single-stage 
gun with explosives has been tested experimentally and has proved 
successful. Velocities higher than those predicted with a one- 
dimensional analysis have been achieved. The addition of explosives 
around the reservoir has also proved useful in the design of a 
successful two-stage gun. These two types of guns are shown sche- 
matically in Figure 19. The auxiliary pump cycle is used to collapse 
the reservoir compldtely, thereby pumping most of the driver gas 
into the barrel behind the accelerating projectile. Gas pressures 
and projectile velocities in excess of minimum requirements for 
matching the first and second-stages can be generated. 
There is one limitation to this approach, which has been of 
minor importance in the present fast-gun program, Initiation of 
the reservoir explosive (auxiliary pump cycle) must be timed so that 
the stress wave driven into the reservoir does not overtake and inter- 
act with the accelerating projectile. During this year's contract 
a 1.56-cm-diam, 0.5-caliber long lithium-magnesium projectile was 
used and in this case the projectile accelerated rapidly to a vcloc- 
ity greater than the stress wave velocity in the stecl (-- 6 km/sec). 
The projectile always kept ahead of the stress wave in the steel 
and no damage from this source was ever observed. In another program 
1.5-caliber long projectiles were accelerated to 5.5 km/sec. In this 
case, the auxiliary pump cycle had to be delayed to allow the pro- 
jectile to keep ahead of the stress wave. Unfortunately the delay 
was long and the reservoir expansion reached nearly 35% before the 
auxiliary pump cycle could be started. By this time it was too late 
to reenergize the reservoir in time to enhance the performance of 
the gun. 
R
e
s
e
r
v
o
ir
 
On
e 
o
f 
Si
x 
D
e
t
o
n
a
t
o
r
s
 U
se
d 
T
o
 
E
x
pl
os
iv
e 
I
n
it
ia
te
 t
he
 R
e
s
~
r
v
o
i
r
 Ex
pl
os
iv
e 
(N
,i
 tr
o
m
e
t
ha
ne
) 
D
r
iv
er
 G
as
 
5-
1/
2O
 
Co
ni
ca
l 
P
r
o
je
ct
il
e 
(H
el
iu
m)
 
 
ra
ns
 s
it
 i
on
 
Se
ct
io
n 
a
.
 
Si
ng
le
-S
ta
ge
 E
x
pl
os
iv
el
y 
D
r
iv
en
 G
u
n
 W
it
h 
A
u
x
il
ia
ry
 P
u
m
p 
Cy
cl
e 
F
a
s
t
 C
om
po
ne
nt
 
S
lo
w 
Co
mp
on
en
t 
o
f 
L
e
n
s
 ~
x
p
l
o
s
i
v
e
 
o
f 
L
e
n
s
 E
x
pl
os
iv
e 
(~
st
ro
li
te
) 
On
e 
o
f 
Si
x 
D
e
t
o
n
a
t
o
r
s
 
(N
it
ro
me
 th
an
e)
 
Us
ed
 
to
 
I
n
it
ia
te
 t
he
 
D
r
iv
er
 E
x
pl
os
iv
e 
D
r
iv
er
 G
a
s
 
5.
5-
dt
 
(~
el
iu
m)
 
T
r
a
n
-
 ' 
/ 
/ zg
 C
on
ic
al
 
'
 P
r
o
je
ct
il
e 
s
~
r
i
o
n
 Se
ct
io
n 
'/ 
B
a
r
r
e
l 
b.
 
T
w
o
-
St
ag
e 
E
x
pl
os
iv
el
y 
D
r
iv
en
 G
u
n
 
F
I
G
U
R
E
 1
9.
 
SC
HE
MA
TI
CS
 O
F 
ON
E-
 A
ND
 
T
W
O-
ST
AG
E 
GU
NS
 W
IT
H 
A
U
X
I
L
I
A
R
Y
 
P
U
M
P
 C
YC
LE
S 
SECTION IV 
CALCULATION OF LAUNCHER OPERATION 
This section describes a computer program that has been used 
to predict the performance of explosively driven guns. Several 
examples of the use of this program are presented. The perform- 
ance of a single-stage gun, a single-stage gun with auxiliary 
pump cycle, and a two-stage gun with auxiliary pump cycle are 
calculated and compared to experiment. In the case of the single- 
and two-stage guns with auxiliary pump cycles, the performance 
calculations were carried out prior to the experiments and used 
to establish design criteria. These designs proved successful 
and were ultimately used to launch a 2-9 projectile to 12 km/sec 
in both the single- and two-stage guns. 
A. THE GANG-POD COMPUTER PROGRAM 
In previous launcher development programs performance was 
calculated either by hand (References 5 and 6) or by Physics 
International's one-dimensional Lagrangian computer program, POD. 
This computer program included an elastic-plastic description of 
the projectile, and using the streamtube approximation, could 
simulate area changes. Predicted velocities, however, were always 
significantly higher (by 5 to 30%) than those observed. Radial 
expansion of the reservoir was felt to be the major cause of this 
performance loss since the reservoir pressures far exceeded the 
yield strength of the steel walls, often by an order of magnitude. 
~eservoir expansion histories have been measured using high-speed 
framing and streaking cameras (Reference 2). The measured expan- 
sion histories have been compared to simple analytic and one- 
dimensional Lagrangian computer calculations. A typical comparison 
for a 24-kbar reservoir is shown in Figure 20. The steel is assumed 
to have a yield strength of 6 kbar in this case. It is seen that 
the measured expansion rates are accurately computed at early times; 
however, the observed expansion is substantially less at later times. 
The reason for the inability of this method to predict the complete 
reservoir expansion history is that the one-dimensional calculation 
in cylindrical geometry is not a valid representation of the reservoir 
expansion problem, which is axisymmetric and highly two-dimensional 
at late times. 
One of Physics International's two-dimensional computer programs 
would be suitable for calculating reservoir expansion and coupling 
the effects of this expansion to the calculation of the launcher 
performance. Although such an approach is feasible, it is considered 
too expensive as a design aid. A complete performance calculation 
by this method would require approximately ten hours of computer 
time. It is, however, necessary to be able to calculate gun perform- 
ance accurately since the successful operation of a two-stage system 
requires a detailed knowledge of the position, velocity, and projec- 
tile base pressure as a function of time. 
To fill this need Physics International's one-dimensional POD 
code was modified in an attempt to approximately describe the wall 
motion, Point masses were placed at discrete points along the 
walls of the gun. These masses (Figure 21) were allowed to move 
in response to the average gas pressure under them, The radial 
motion of these points then modified the gas pressure in the zones 
under them. Attempts to calculate launcher performance were un- 
successful as it was not clear what mass to assign to the wall 
points. Since the wall velocity in a real gun is usually on the 
order of the wall sound speed, the wall motion is controlled by 
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the discrete waves reverberating in the wall. In the above 
method, the entire wall mass was concentrated at the wall point, 
with the result that the early wall motion was underestimated. 
To overcome this difficulty, the concentrated wall mass points 
were replaced by one-dimensional Lagrangian calculations in cylin- 
drical geometry (Figure 22). With this scheme, the wave propagation 
in the reservoir walls is properly accounted for. As in the previous 
approach, the gas pressure under the location of the wall calculation 
is used as a pressure profile for the wall motion calculation. Any 
motion of the wall then modifies the pressure in the gas under that 
wall point. 
This program, called GANG-POD, can be further utilized to 
calculate the action of the auxiliary pump cycle. A wall calcula- 
tion can consist of a layer of steel surrounded by a layer of 
explosive. This is illustrated in Figure 22. The explosive in 
the wall calculation can be initiated at any given time to reverse 
the motion of the reservoir walls. The effect of the collapsing 
reservoir wall is then automatically coupled to the gas and pro- 
jectile dynamics in the axial calculation. Several examples of 
the use of this program are presented in Parts B and C of this 
section. 
B. SINGLE-STAGE PERFORMANCE CALCULATIONS 
An experiment was carried out in which a 6-kbar nitromethane 
driver was used to accelerate a 2-g, 1/2-caliber long projectile. 
The reservoir was fabricated from steel with a yield strength of 
about 4 kbar. The 3.48-cm-diam pressure tube was coupled to the 
1.59-cm-diam barrel by a 5.5-deg conical transition section. The 
projectile was placed 2.8 diam downstream of the nozzle outlet 
plane. The outer diameter of the steel reservoir was 10.2 cm. In 
the experiment the projectile was accelerated to 7.8 km/sec. A 
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one-dimensional Lagrangian (POD) calculation of the launcher 
operation that assumed no wall motion yielded a muzzle velocity 
of 11.1 km/sec. The calculation is shown in the x-t plane of 
Figure 23. The calculation was repeated on the GANG-POD program, 
with a yield strength of 4 kbar assumed for the steel. The calcu- 
lation, shown in ~igure 24, predicted a muzzle velocity of 7.8 km/sec, 
which agreed with the velocity measured experimentally, Moreover, 
the predicted and observed muzzle exit times are in good agreement, 
The base pressure histories calculated by both the POD and GANG-POD 
programs are shown in Figure 25. Typical inner wall contours for 
the GANG-POD calculation are shown in Figure 26. 
The success of this method and the insights gained from examin- 
ing the calculation in detail led to the conclusion that considerable 
performance increase could be obtained by adding an auxiliary pump 
cycle to the gun. Therefore the calculation was repeated, this time 
with a layer of explosive surrounding the reservoir, The results of 
the calculation are shown in Figure 27. The initiation of the explo- 
sive was programmed to coincide with the arrival of the driver shock 
at the nozzle entrance plane. This timing ensured that the stress 
wave generated in the reservoir walls by the explosive would not 
overtake the accelerating projectile. The calculation, which was not 
carried to completion, did demonstrate that the initial expansion of 
the reservoir was under control, Based on the extrapolated trajec- 
tory (Figure 2 7 ) ,  a muzzle velocity of 10 to 11 km/sec could be 
expected. In the actual experiment a muzzle velocity of 10.6 km/sec 
was observed. Typical inner wall contours for the calculation are 
shown in Figure 28. The projectile base pressure history is shown 
for comparison in Figure 25, and the effect of the auxiliary pump 
cycle can clearly be seen. Notice that the peak pressures generated 
in the launch cycle are the same as those where the auxiliary pump 
cycle was not used. 
Projectile Velocity for 
the Rigid Wall Calculation 
Calculation 
From Figure 2 7  
Driver Piston 
(~etonation) 
Driver Shock 
(Accelerates Down Nozzle) 
5-1/2O Nozzle 
Exit Plane 
- 10 - 5 0 5 10 15 2 0 2 5 
Distance ( cm) 
FIGURE 2 3 .  CALCULATION OF A HIGH-PRESSURE SINGLE-STAGE 
GUN USING ONE-DIMENSIONAL LAGRANGIAN CODE (POD) 
FIGURE 
2 calculation /// 
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V 4 Including 
Wall Motion 
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Driver Piston rom Figure 27 
(Detonation) 
Shock 
(Accelerates 
c\l C Down Nozzle) 
\ H  1 5-11.' Nozzle 
Exit Plane 
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24. CALCULATION OF A HIGH-PRESSURE SINGLE-STAGE GUN 
USING THE GANG-POD COMPUTER PROGRAM 
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FIGURE 27. CALCULATION OF A HIGH-PRESSURE, SINGLE STAGE 
GUN WITH AUXILIARY PUMP CYCLE USING TIIE 
GANG-POD COMPUTER CODE PROGRAM 

The above examples illustrate the accuracy of the GANG-POD 
program, Although the program is not a full two-dimensional code 
(the wall points are not coupled to each other), it does appear 
to provide a useful description of the iauncher operation at a 
reasonable cost, A complete calculation, for instance, requires 
between 30 and 45 minutes of computer time, depending on the 
complexity of the problem. 
C. TWO-STAGE PERFORMANCE CALCULATION 
The calculation of the first-stage operation and the startup 
of the second stage is included here for two reasons: (1) It 
represents the calculated performance of the gun used to launch a 
2-g model to 12.2 km/sec, and (2) it was the first use of the 
GANG-POD program as a design aid to determine when second-stage 
operation shoilld begin. 
In the calculation a 3-kbar nitromethane driver with a 3.48-cm- 
dia~n pressure tube was coupled to a 1.59-cm-diam barrel by a 5.5-deg 
conical transition section. The 2-9 lithium-magnesium projectile 
was placed 4 - 5  cm (2.8 body diameters) downstream of the nozzle 
outlet plane. The 10.2-cm-diam steel reservoir was surrounded by 
a 3.8-cm layer of nitromethane. The 3.8-cm outer diameter of the 
barrel was surrounded by an effectively infinite layer of nitro- 
methane. This simulates the second-state explosive lens. The situa- 
tion is shown schematically in Figure 29. The steel was given a 
yield strength of 4 kbar. 
The calculation begins with the driver shock at the nozzle 
in.1et plane. After the calculation had proceeded for 8 psec, pro- 
jections showed that it would be safe to initiate the reservoir 
explosive. That is, the projectile would not be overtaken by the 
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stress wave generated in the steel walls by the explosive. At 
this time the driver shock had just reached the nozzle exit plane 
and the projectile had not yet begun to accelerate. The problem 
was then run uninterrupted until t = 42 usec. At this point in- 
spection showed that the projectile was 10 cm into the second stage 
at a velocity of 5.7 km/sec and with a base pressure of nearly 
20 kbar. The auxiliary pump cycle had forced a substantial amount 
of driver gas into the second-stage portion of the barrel. At this 
time the explosive surrounding the barrel was initiated. The problem 
was then run for another 14 psec and terminated. At this time the 
projectile velocity was 7.9 km/sec and the base pressure was 13 kbar. 
The second-stage piston had not yet formed although the barrel walls 
were accelerating inward. Enough information had been obtained to 
design the second-stage explosive lens so that the projectile would 
never be overtaken by the accelerating second-stage piston. The 
results of the calculation are shown in Figures 29, 30, and 31. In 
the plot of projectile base pressure as a function of time, the effect 
of the auxiliary pump cycle is quite evident. The effect of the 
second-stage piston formation has not as yet been communicated to 
the projectile. The inner wall contours shown in Figure 29 illus- 
trate that nearly all the driver gas is forced into the second-stage 
portion of the barrel. From the point of view of any augmentation 
scheme this is considered a desirable feature. In fact, the high 
pressures generated in the barrel by the auxiliary pump cycle appear 
to be making it very difficult for the explosive surrounding the 
barrel to collapse the barrel rapidly. 
The calculation was not carried to completion because there 
were not enough wall points available to describe the entire second- 
stage gasdynamic cycle. If necessary, the calculation can be completed 
by reassigning wall problems and discarding those problems in that 
portion of the collapsed reservoir. 
Dis t ance  (cm) 
FIGURE 3 0 .  CALCULATION OF THE START-UP OF A TWO-STAGE GUN 
USING THE GANG-POD COMPUTER PROGRAM 

It is appropriate to include here another example of the 
GANG-POD program as a design aid in the launcher program. The 
original first-stage experiments utilized a 3-kbar nitromethane 
driver coupled to the barrel by an abrupt area change. Calculations 
showed that during the operation of the auxiliary pump cycle, the 
breech section was first collapsed at the area change, trapping a 
large fraction of the driver gas in the reservoir. The inner wall 
contours calculated by GANG-POD that demonstrate this are shown 
in Figure 32. By using a 5.5-deg conical nozzle to couple the 
driver and barrel, it was felt a more natural reservoir collapse 
would result during the auxiliary pump cycle. Figure 28 shows the 
inner wall contours calculated for the case of the 5.5-deg nozzle. 
It is evident that more of the driver gas is pumped into the barrel 
and made available for second-stage augmentation. 
Use of the nozzle rather than the abrupt area change at the 
breech results in higher performance; however, the peak pressures 
in the case of the nozzle (30 kbar) are higher than those in the 
case of the abrupt area change (18 kbar). This was not considered 
serious in this program as projectiles have been accelerated intact 
in the same geometry with peak pressures up to 60 kbar. 
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SECTION V 
LAUNCHER EXPERIMENTS 
In this section, the experiments supporting the calculations 
presented in section 111 are described. Three approaches were 
made during this year's program and two of them have proved suc- 
cessful. The first approach was to use a single-stage, explosively 
driven gun to accelerate a projectile to 12 km/sec. This goal was 
accomplished by adding an auxiliary pllmp cycle to the gun. The 
second approach was an attempt to develop a low-pressure, first- 
stage gun with large chambrage. This first stage would be matched 
to the second stage which is an explosive lens, to provide a nearly 
constant base pressure acceleration to very high velocities. This 
approach was not completely successful in preliminary tests. The 
third approach was to test a complete two-stage system based on the 
knowledge gleaned from the single-stage experiments. These tests 
were successful and a 2-9 projectile was launched to 12.2 kmIfsec 
with reasonably low base pressures. 
A. HIGH-PRESSURE, SINGLE-STAGE EXPERIMENTS 
The purpose of these experiments was twofold. First, it would 
be advantageous to develop a simple single-stage gun capable of 
accelerating 2-9 models to 12 km/sec. Second, the knowledge gained 
by extending the limits of single-stage gun technology could be 
used to help design the first stage of a two-stage system that 
would operate at considerably lower pressure levels. The single- 
stage experiments, which led to the development of a single-stage 
gun capable of accelerating a 2-g projectile to 12 km/sec, will now 
be briefly outlined. 
The first single-stage experiments utilized a 6-kbar nitromethane 
driver with a 3.48-cm-diam pressure tube. This driver was coupled 
to a 1.59-cm-diam barrel by a massive reservoir section. The driver- 
to-driven transition was accomplished by an abrupt area change and 
the 2-g projectile was placed successively at the area change and 
then two and three body diameters downstream of the area change in 
three separate experiments. The predicted velocity in all three 
cases was 10.8 km/sec and the different initial projectile positions 
were tested to determine the best position for reducing deformation 
of the projectile. The range radiographs of the three projectiles 
are shown in Figures 33, 34, and 35. The observed velocities were 
8.1, 9.3, and 8.3 km/sec respectively. The failure to achieve the 
predicted velocity of 10.8 km/sec was attributed to excessive ex- 
pansion of the reservoir during the launch cycle (Fiqure 20). 
Moreover, adding mass to the outside of the reservoir in an attempt 
to control wall expansion did not improve the performance (Table I). 
As far as projectile integrity is concerned, the best initial 
location of .the projectile is 3 diam downstream of the area change. 
At this location the initial pressure loading of the projectile 
was most uniform. This problem has been studied previously and 
the calculated and experimental results of this investigation are 
shown in Figure 36. The calculations were carried out using a 
two-dimensional coupled Eulerian-Lagrangian computer program (ELK). 
In the case of the projectile at two diameters downstream of the 
area change, the calculation predicted a grossly nonuniform initial 
loading with a very high pressure applied to the center of the pro- 
jectile. In the comparison experiment the projectile was launched 
with a hole in its center. 
One other experiment was carried out to investigate this type 
of gun. The driver-driven transition was changed from an abrupt 
area change to a 5.5-deg conical nozzle. The two-dimensional flow 
down this nozzle was calculated using Physics International's two- 
dimensional coupled Eulerian-Lagrangian program (ELK), and it was 
Initial Position 
of Projectile 
(D = diameter) 
Direction of Fliqht 
Model is 112 body diameters down- 
stream of the muzzle. (Range 
atmosphere is air at 1 atm.) 
FIGURE 33. RANGE RADIOGRAPH OF A 2-g, 1/2-caliber LONG 
PROJECTILE LAUNCHED TO 8.1 km/sec (Shot 397-3) 
Initial Position 
of Projectile 
(D = diameter) 
Direction of Fliqht 
Model is 63 body diameters down- 
stream of the muzzle. (Range 
atmosphere is air at 1 atm.) 
FIGURE 34. RANGE RADIOGRAPH OF A 2-g, 1/2-caliber LONG 
PROJECTILE LAUNCHED TO 9.35 km/sec (Shot 351-111) 
Initial Position 
of Projectile 
(D = diameter) 
Direction of Fliqht 
Model is 113 body diameters down- 
stream of the muzzle. (Range 
atmosphere is air at 5 mm Hq) 
FIGURE 35. RANGE RADIOGRAPH OF A 2-g, 1/2-caliber LONG 
PROJECTILE LAUNCHED TO 8.3 km/sec (Shot 397-1) 
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to I kbar 
20 to 2 4  kbar 
2 4  to 28  kbaz 
\32 to 96 
kbar 
a. Projectile in flight that was initially located two 
diameters downstream of the area change. The calcu- 
lated pressure distribution at the beginning of ac- 
celeration is shown. 
8 to 12 kbar 
12 to  1 6  kbar 
b. Projectile in flight that was initially located three 
body diameters downstream of the area change. The cal- 
culated pressure distribution at the beginning of the 
acceleration is shown. 
F I G U R E  36 .  TWO-DIMENSIONAL G A S  DYNAMICS AT AN A B R U P T  AREA 
CHANGE I N  A BREECH 
determined that the flow became reasonably uniform between 2 and 
3 diam downstream of the nozzle outlet plane (Figure 37). The 
2-g projectile was placed 4.5-cm (2.8 body diameters) downstream 
of the nozzle outlet and in the subsequent experiment the projectile 
was accelerated in good condition to 7.8 km/sec. The range radiograph 
(Figure 38) shows the projectile intact but with some damage to the 
front face. This damage was later attributed to the violent muzzle 
release and flight of the projectile into air at 1 atm. Again, the 
performance of the gun appeared to be limited by expansion of the 
reservoir. In this particular design with the conical transition 
section, the peak base pressures experienced by the projectiles were 
nearly 60 kbar (Figure 25) . 
In this last experiment good correlation was obtained in the 
performance calculation using the GANG-POD computer program that 
included the effects of reservoir wall motion during the launch 
cycle. It was concluded from these experiments that the gas even 
at pressures of 36 to 60 kbar could be controlled and used to 
accelerate an intact projectile. However, velocities of 10 to 
12 km/sec could not be achieved because of reservoir expansion 
during the launch cycle. 
The next step in the single-stage gun program was to use 
explosives to control the early reservoir expansion. The launcher 
described above with the 5.5-deg conical nozzle was modified to 
include a 3.8-cm layer of explosive around the 10.2-cm-diam steel 
reservoir. The arrangement was duplicated on the GANG-POD computer 
program (Figure 27) and the performance calculation indicated a 
muzzle velocity between 10 and 11 km/sec. The initiation of the 
reservoir explosive was timed to coincide with the arrival of the 
driver shock at the nozzle inlet plane (Figure 27). This timing 
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D i r e c t i o n  of F l i g h t  
z-- 
M o d e l  i s  31 body d i a m e t e r s  d o w n -  
s t r e a m  of t h e  m u z z l e .  ( R a n g e  
a t m o s p h e r e  i s  a i r  a t  1 a t m . )  
:GURE 38 RANGE RADIOGRAPH O F  A 2 - g ,  l / 2 - c a l i b e r  LONG 
P R O J E C T I L E  LAUNCHED T O  7 .8  k m / s e c  BY H I G H  P R E S S U R E  
S I N G L E  STAGE GUN ( S h o t  397-5) 
would ensure that the accelerating projectile would not be 
overtaken by stress waves generated in the reservoir walls by 
the explosive. 
The projectile was accelerated intact to 10.6 km/sec; however, 
the projectile was launched into air at one atm and the muzzle 
release and subsequent flight were quite violent. During the 
flight, for example, the stagnation pressure and temperature were 
computed to be about 1.2 kbar and 7 8 0 0 ~ ~  respectively. The range 
radiograph taken 200 diam downstream of the muzzle shows the pro- 
jectile intact but badly ablated (Figure 39). In fact, in Figure 39 
the ablation products are faintly discernible streaming from the 
upper edge of the projectile. The white blots are a result of 
debris impact on the film, which was left unprotected to obtain a 
high-resolution X ray. 
This experiment was repeated with two modifications. The 
reservoir explosive was extended farther downstream in an attempt 
to achieve better performance. The range atmosphere was changed 
from air at 1 atm to helium at 1 atm to reduce the damage due to 
muzzle release and the subsequent flight down the range. Unfor- 
tunately, when this experiment was carried out, the range radio- 
graphs were lost. The target showed a large impact, indicative 
of an intact projectile; however, the streaking camera suggested 
the projectile may have been broken. The velocity was recorded 
as 12 km/sec, and the observed performance of this system is 
shown in the x-t plane in Figure 40. 
This test ended the single-stage gun experiments. It was 
demonstrated that high velocities were possible if reservoir 
expansion were controlled. Other experiments have shown that 
the nitromethane (D = 6.6 km/sec) in the explosive driver can be 
Direction of Flight 
Model is 200 body diameters downstream 
of the muzzle. (Range atmosphere is 
air at 1 atm.) 
F I G U R E  3 9 .  H I G H  RESOLUTION RANGE RADIOGRAPH O F  A 2 - g ,  1 / 2 -  
caliber LONG P R O J E C T I L E  LAUNCHED T O  1 0 . 6  km/sec 
BY A H I G H  P R E S S U R E  GUN WITH A U X I L I A R Y  PUMP CYCLE 
(Shot 39 7- 7) 
Reservoir Explosive 
FIGURE 40. OBSERVED PERFORMANCE OF A HIGH-PRESSURE 
SINGLE-STAGE GUN WITH AUXILIARY PUMP CYCLE 
(Shot 397-9) 
replaced by Astrolite, (D = 8.6 km/sec), with no modifications 
to the driver design. If the driver is operated at the same pres- 
sure, the use of Astrolite results in significantly higher sound 
speeds (a4 a D). Therefore, it is felt that the performance of 
high-pressure, single-stage guns can be improved further simply 
by changing the driver explosive. Such a gun would be useful for 
impact work; however, it should be kept in mind that equal or better 
performance can be obtained by two-stage guns, which operate at 
about one-half the peak base pressures. 
B. LOW-PRESSURE FIRST-STAGE EXPERIMENTS 
Two designs of low-pressure first-stage launchers are des- 
cribed. The first design embodies the principles described in 
Part B of Section 111, in which the first-stage acceleration is 
approximated by a steady expansion of the reservoir gas. The 
second design evolved from the results of the high-pressure 
single-stage experiments. An auxiliary pump cycle is used to 
pump most of the driver gas into the second stage. It is this 
design that was chdsen for the successful two-stage experiments. 
Two experiments to develop the low-pressure large area ratio 
gun were carried out. In these experiments a 1.67-kbar nitromethane 
driver with a 3.48-cm-diam pressure tube was coupled to a 0.95-cm- 
diam barrel by an abrupt 13:'l area change. This large area change 
results in an unsteady reservoir expansion, which can be approxi- 
mated by a steady expansion to Mach 1 and then an unsteady expansion 
to final velocity. The 2/3-caliber long projectile was placed at 
the area change. The predicted velocity for this experiment was 
7.6 km/sec; the observed velocity was 5.5 km/sec. The performance 
of the gun was monitored in detail and is shown in the x-t plane in 
Figure 41. The experiment was repeated with extensive modifications 
Trajectory cooEdinate 
at u=5.5 km./sec 
1 0 0  200  300 
Distance (cm) 
FIGURE 41. OBSERVED PERFORMANCE 05' A LOW-PRESSURE 13:1 
AREA RATIO FIRST-STAGE GUN (Shot 351-108) 
81 
to the breech design, because breech collapse was suspected 
during the critical part of the launch cycle. The results of 
this experiment were identical to the first and the projectile 
was again launched intact to 5.5 km/sec (Figure 42). The breech 
section was recovered and found to be slightly expanded. The 
framing camera record of the gun during operation showed no notice- 
able reservoir expansion, but did show expected barrel expansion. 
It is speculated that even with reservoir pressures as low as 
10 kbar, some reservoir and barrel expansion was present and con- 
tributed to the performance loss. This particular design, which 
I, 
relied heavily on "idealtt gas dynamics, could also be affected by 
cooling of the reservoir gas (peak reservoir temperatures are 
16,500~~) because of flow contamination by projectile material 
lost by friction during acceleration down the barrel and by erosion 
products from the walls of the reservoir and barrel. 
The above experiments were discontinued and the investigations 
into high-pressure single-stage guns, were carried out as reported 
in Part A of this section. After the program to develop a high- 
pressure single-stage gun, effort was redirected again toward de- 
veloping a low-pressure gun, this time with controlled reservoir 
expansion. This gun would serve as the first stage of a two-stage 
system. These experiments are summarized in Table 11. 
In one of the first experiments of this series, a 3-kbar 
nitromethane driver with a 3.48-cm-diam pressure tube was coupled 
to a 1.59-cm-diam barrel with a 5.5 deg conical transition section. 
The 2-g projectile was placed 4.5-cm downstream of the nozzle outlet 
plane. No explosives were used to surround the reservoir. The 
projectile was launched intact to 8 km/sec, as shown in the x-t 
plot of performance (Figure 43). This velocity, incidentally, was 
F I G U R E  4 2 .  RANGE RADIOGRAPH O F  A 0 .67  gm,  2/3-LONG P R O J E C T I L E  
LAUNCHED TO 5.5 km/sec BY A LOW P R E S S U R E  F I R S T  STAGE 
GUN ( S h o t  3 5 1 - 1 0 8 )  
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\ ' Projectile 
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FIGURE 4 3 .  OBSERVED PERFORMANCE OF A LOW-PRESSURE 
FIRST-STAGE GUN WITHOUT AUXILIARY PUMP 
CYCLE (Shot 397-8) 
about the same velocity recorded for the same gun operated at twice 
the pressure. Because of radial expansion of the reservoir and 
barrel, there appears to be an optimum operating pressure beyond 
which performance increases are negligible. 
This experiment was repeated with the addition of a 3.8-cm 
layer of nitromethane around the 10.2-cm-diam steel reservoir. The 
addition of the auxiliary pump cycle resulted in a projectile veloc- 
ity of 10.2 km/sec, or an increase in muzzle velocity of about 28%. 
The projectile was accelerated into a range containing air at 1 atm 
and is shown in the range radiograph of Figure 44. The damage to 
the front of the projectile has been attributed to violent muzzle 
release and subsequent flight into air at 1 atm. The performance 
of this launcher is shown in the x-t plane of Figure 45. A typical 
framing camera record (Figure 461 shows the barrel rupturing 30 psec 
after the passage of the projectile. This rupture occurs after the 
second stage, which when added, would begin to operate and does not 
present a problem. In fact, this rupture was expected based on 
expansion data from the GANG-POD computer calculation (Figure 29). 
The rupture does indicate the high gas pressures in the barrel and 
the timing of the rupture coincides with the predicted surge of 
reservoir gas from the auxiliary pump cycle. 
This experiment concluded the development of the low-pressure 
first-stage gun. Augmentation conditions required to provide proper 
matching of the first stage with the second stage are generated. 
Based on calculation and supported by experiment, the second stage 
could be started when the projectile is between 5 and 6 km/sec and 
the gas pressure behind the projectile is 20 kbar. With the comple- 
tion of the first-stage development, the remaining experiments were 
directed toward investigating second-stage augmentation techniques. 
Direction of Flight 3- 
Model was launched into 
air at 1 atm 
Model is 78 body diameters downstream of the muzzle. 
(Range atmosphere is air at 1 atm.) 
FIGURE 44. RANGE RADIOGRAPH OF A 2-g, 1/2-caliber LONG 
PROJECTILE LAUNCHED TO 10.2 km/sec BY THE 
FIRST-STAGE GUN WITH AUXILIARY PUMP CYCLE 
(Shot 39 7-10 ) 
Nitromethane 
1 0 0  2 0  0 300 
Distance (cm) 
FIGURE 45. OBSERVED PERFORMANCE OF A LOW-PRESSURE FIRST- 
STAGE WITH AUXILIARY PUMP CYCLE (Shot 397-10 )  
D r i v e r  O p e r a t i o n  R e s e r v o i r  E x p l o s i v e  
C o m p l e t e  A t  N o t  Y e t  E x p e n d e d  
t = 1 5 0  vsec 
P r o j e c t i l e  
F i r s t  E v i d e n c e  of 
B a r r e l  Rupture 
P r o j e c t i l e  
t = 1 9 2  y s e c  
FIGURE 46 .  HIGH-SPEED FRAMING CAMERA RECORD OF FIRST-STAGE 
WITH AUXILIARY PUMP CYCLE ( S h o t  3 9 9 - 1 0 )  
C .  TWO-STAGE LAUNCHER EXPERIMENTS 
Using the low-pressure first stage with auxiliary pump cycle, 
three two-stage experiments were carried out. The second stage of 
each gun consisted of an explosive lens in asymmetric geometry. As 
shown in Figure 47, the barrel of the gun rests on a thick steel 
plate. An explosive lens is used to phase a detonation wave in the 
explosive surrounding the barrel and crush the barrel behind the 
accelerating projectile. While the collapse process is not symmetric, 
there is more than sufficient energy in the explosive to collapse the 
barrel. The asymmetric second-stage design was chosen for ease of 
fabrication, to reduce costs, and to allow a high-speed framing camera 
to record the operation of the lens. 
In the first experiment, the second-stage lens was designed 
to form a piston that accelerated uniformly from 6.3 km/sec to 
12 km/sec over a distance of 100 cm. Two aluminum tubes of Astro- 
lite were used to phase the detonation wave in a tank of nitro- 
methane (Figure 4 7 ) .  Initiation tests were conducted and showed 
that the Astrolite could indeed initiate sensitized nitromethane. 
The timing of the second-stage initiation and the auxiliary 
pump cycle was determined from the computer calculation (Figure 30). 
The reservoir explosive and lens were initiated by the arrival of 
the driver shock at capped shorting pins located just upstream of 
the nozzle inlet. Gun performance was monitored in detail by ioniza- 
tion and pressure sensing pins, strain gauges, flash X rays, and 
high-speed framing and streaking cameras. The measured performance 
is shown in the x-t plane of Figure 48. The projectile was launched 
in good condition at 12 km/sec into helium at one atm. The range 
radiograph of the projectile (Figure 49) shows the projectile tum- 
bling, probably because the barrel was not perfectly straight and 
the stagnation pressure on the projectile in flight was moderately 
high (0.2 kbar) . Unfortunately, the Astrolite initiated the nitro- 
methane in the lens intermittently, for reasons that are not yet 
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FIGURE 47. TWO STAGE EXPLOSIVELY DRIVEN GUNS TO LAUWH 
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FIGURE 48. OBSERVED PERFORMANCE OF A TWO-STAGE 
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Figure 49. RANGE RADIOGRAPH OF A 2-g, l/2-caliber 
PROJECTILE LAUNCHED TO 12 km/sec BY A 
TWO-STAGE EXPLOSIVELY DRIVEN GUN 
(Shot 397-11) 
understood, and the second-stage piston acceleration was erratic 
(Figure 48). The recovered barrel was sectioned and found to be 
incompletely collapsed along its entire length. 
The experiment was repeated with two modifications. The 
fast component of the lens explosive was changed from Astrolite 
to EL506-A8, which had been used previously for initiating nitro- 
methane. The chancre of the phasing explosive required a new lens 
contour and made the lens construction slightly more difficult. 
The lens again was designed to provide a constant piston accelera. 
tion from 6.3 to 12 km/sec over a distance of 100 cm. The range 
atmosphere was changed from helium at 1 atm to argon at 20 mm Hs 
to reduce the range stagnation pressure while ensuring a reasonably 
bright streaking camera record. 
The projectile was accelerated to 12.2 km/sec (Figure 50), but 
unfortunately it collided with a dummy projectile mounted in the 
range. Because of this alignment error no X rays of the projectile 
were obtained. The streaking camera record showed one bright con- 
tinuous line up to the position of the dummy projectile. At this 
polnt the streak broadened rapidly as a result of the collision. 
X rays of the fragmented particles were used to reconstruct the 
origin of the breakup. The projected trajectories of the pieces 
came together at the position of the dummy projectile, again confirm- 
ing that projectile breakup was a result of an alignment error. The 
evidence seems to indicate that the projectile was launched intact. 
The operation of the explosive lens was flawless, as shown in the 
sequence of framing camera records of Figure 51. Again, the sectioned 
barrel showed incomplete collapse over the entire length. 
In the final experiment of the program, the lens was modified 
to provide a second-stage piston acceleration from 6.3 to 14 km/sec 
over a distance of 80 cm. Based on the results of the previous two 
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FIGURE 51. HIGH SPEED FRAMING CAMERA RECORD OF SECOND STAGE 
EXPLOSIVE LENS OPERATION (Shot 397-12) 
experiments, it was felt that the second-stage augmentation would 
not be as successful as originally anticipated. Therefore, the 
initiation of the lens in this experiment was delayed somewhat to 
ensure that the phased detonation did not overtake and destroy the 
accelerating projectile. 
The experiment was carried out and the projectile was acceler- 
ated to 11.5 km/sec in good condition (Figure 52). The measured 
velocity (Figure 53) was somewhat low, probably because of the 
delay in second-stage initiation. Again, the recovered barrel 
was sectioned and found only partially collapsed. 
The results of the three two-stage experiments described above 
suggest a fourth two-stage experiment in which the barrel would be 
surrounded by a 2.54-cm layer of Astrolite explosive. The second 
stage wo~9d therefore consist of a constant velocity piston at 
8.6 km/sec; however, the barrel collapse process would be symmetric. 
A conservative performance calculation of the linear augment gun 
gives a predicted final velocity of over 13 km/sec. Therefore 
the proposed experiment, if successful,will demonstrate the superi- 
ority of the symmetric collapse over the asymmetric collapse. 
In conclusion, the three two-stage experiments resulted in 
an augmentation of about 2 km/sec over the velocity of the first 
stage alone. A11 the evidence indicates that the higher velocities 
anticipated were not achieved because of incomplete collapse of the 
barrel by the second-stage asymmetric lens, although there was cer- 
tainly enough energy in the lens explosive to collapse the barrel 
even against the large gas pressures generated by the auxiliary 
pump cycle. Based on the performance of the two-stage guns and 
the incompletely collapsed barrels, it is postulated that the 
asymmetric geometry is not suitable for augmentation and that 
symmetric geometry may have to be used in future experiments. 
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GUN (Shot 397-13) 
SECTION VI 
CONCLUSIONS 
During this year's program progress was made in understanding 
and improving the operation of explosively driven guns. A simple 
method of computing pressure tube expansion has been demonstrated 
and new insights into tube collapse and jetting have been gained. 
Calculations have been made that indicate phased detonation veloc- 
ities as hiqh as two to three times the explosive detonation 
velocity will be effective in collapsing a tube and forming a 
piston. Therefore, piston velocities and projectile velocities 
as high as 20 km/sec may be feasible. 
With present explosive driver technology, it has been shown 
that the performance of single-stage guns is limited in part by 
reservoir expansion. It has also been shown that this expansion 
can be controlled by using explosives to collapse the reservoir. 
The addition of an auxiliary pump cycle to a high-pressure, single- 
stage gun has resulted in velocities up to 12 km/sec with 2-9 
projectiles. Peak pressures of 60 kbar are developed in this gun. 
For a limited range of projectile materials and shapes, these 
extremely high pressures were applied in a controlled manner and 
used to accelerate projectiles without loss of integrity. 
Two-stage guns operating at lower peak base pressures (30 kbar) 
have been used to launch 2-g projectiles in qood condition to 12.2 
km/sec. The present performance of this gun seems to be limited in 
part by the asymmetric geometry of the second-stage lens. In this 
geometry the lens does not appear to be able to collapse the barrel 
completely to form the second stage piston. It is anticipated that 
when the barrel is collapsed in a symmetrical manner, the performance 
of the second stage will be improved and projectile velocities in 
the range of 15 to 20 km/sec should be feasible. 
The capability of calculating launcher performance accurately 
and inexpensively has been developed. The validity of the GANG-POD 
computer code was demonstrated in the experiment with a single-stage 
launcher and then applied in the design and development of the first 
stage with auxiliary pump cycle, and the two-stage gun. 
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